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1 Experimental Procedures

1.1 General Information. Commercial chemicals were used without further purification. All 

reactions were carried out under nitrogen atmosphere. Prior to use, solvents were carefully dried 

and distilled from appropriate drying agents. All reactions were monitored by thin-layer 

chromatography (TLC) from Merck & Co., Inc. Column chromatography and preparative TLC 

was conducted by using silica gel from Shanghai Qingdao (300-400 mesh). 1H, and 13C NMR 

spectra were recorded in CDCl3 on a Bruker Avance 400 or 600 MHz spectrometer. The chemical 

shifts were quoted on the solvent residual peak at δ 7.26 ppm for 1H and 77.0 ppm for 13C, 

respectively. Mass spectra (MS) were recorded on a WATERS I-Class VION IMS Qtof mass 

spectroscopy. The thermal gravimetric analysis (TGA) was tested with a NETZSCH STA 409C 

instrument under N2 at a heating rate of 20 K min–1. UV-vis spectra were recorded on a Shimadzu 

UV-2250 spectrophotometer. The photoluminescent spectra and lifetimes were measured on 

Edinburgh Instruments FLS920 spectrophotometer. The photoluminescent quantum yields 

(PLQYs) were determined in CH2Cl2 solutions with an integrating sphere. With a scan rate of 100 



mV s−1, cyclic voltammetry measurements were carried out on a Princeton Applied Research 

model 2273A potentiostat through three-electrode configuration with a glassy carbon working 

electrode, a Pt-sheet counter electrode and a Pt-wire reference electrode in electrolyte of 0.1 M 

[Bu4N]PF6 in degassed CH3CN. The femtosecond transient absorption spectra and The 

nanosecond transient absorption spectra were tested with a PH2 Laser System by LIGHT 

CONVERSION and measured in neat films under 380 nm excitation.

1.2 Theoretical investigation. Geometry optimization and vertical excitation energy 

calculations PhODCB, PhSDCB and PhSeDCB have been carried out by means of Density 

function theory (DFT) and time-dependent density functional theory (TD-DFT) as implemented in 

the Gaussian 091 package. Spin-orbit coupling was studied in the Dalton 20162 package under the 

same functional/basis set in vacuum based on the ground state geometry optimized in Gaussian 09. 

Preliminary TD-DFT calculations have been performed to set up the methodology to be used; the 

calculated UV-vis spectra of PhODCB, PhSDCB and PhSeDCB in TOL using various functionals 

and basis sets are compared with their experimental spectra. Experimental spectra could be well 

reproduced at the e B3LYP/6-311G** level3,4 level.

 1.3 Synthesis.

The key intermediate compound PhCB was synthesized according the literature methods5 with 

the synthetic details and steps (Shamed S1) presented in Supporting Information (SI). The key 

intermediate compounds PhODI, PhSDI and PhSeDI were synthesized with the synthetic details 

and steps (Shamed S1) presented in SI. The synthetic strategies for the target compounds of 



PhODCB, PhSDCB and PhSeDCB were outlined in Scheme 1.  
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             Shamed S1. Synthesis of the key intermediate compounds .

Synthesis of PhCB. iPrMgCl (2.0 m in THF, 1.31 mL, 2.62 mmol) was slowly added to a THF 

solution (10 mL) of o-carborane (288 mg, 2.18 mmol) at 0 oC, and the mixture was stirred at 0 oC 

for 2 h. After replacement of THF with toluene (5 mL), and addition of iodobenzene (534 mg, 

2.62 mmol) and NiCl2 (5.2 mg, 0.04 mmol), the reaction mixture was heated at 100 oC under 

stirring for 12 h in a closed flask. Then, the reaction was quenched with water (10 mL) and 

extracted with diethyl ether. The ether solutions was combined and concentrated to dryness in 

vacuo. The residue was subjected to flash column chromatography on silica gel (300–400 mesh) 

using petroleum ether as eluent to give PhCB. Yield: 94%. 1H NMR (400 MHz, CDCl3) 7.49 (d, J 

= 7.3 Hz, 2 H), 7.39 (d, J = 7.1 Hz, 1H), 7.34 (d, J = 7.8 Hz, 2 H), 3.31–1.54 (m, 10 H).

General Procedure for Synthesis of PhO, PhS and PhSe. Under nitrogen atmosphere, methyl 5-

bromo-2-iodobenzoate (1.2 equivalent), the corresponding donor compound (1.0 equiv), 



Pd(OAc)2 (0.06 equivalent), tri-ter-butylphosphine (0.06 equiv) and Sodium ter-butoxide (4 equiv) 

was added to a Schlenk tube containing toluene. The resulting mixture was stirred at 110 oC for 18 

h. After cooling to room temperature, the mixture was filtered, the organic phase was washed with 

water and extracted into dichloromethane, then dried with anhydrous Na2SO4, evaporated to 

dryness. The residue was subjected to flash column chromatography on silica gel (300–400 mesh) 

using petroleum ether as eluent to give PhO, PhS and PhSe.

PhO: Yield: 82%. 1H NMR (400 MHz, CDCl3): 7.39 (d, J = 8.0 Hz, 2 H), 7.21 (d, J = 8.2 Hz, 2 

H), 6.76 – 6.45 (m, 6 H), 5.92 (d, J = 7.7 Hz, 2 H), 2.45 (s, 3 H).

PhS: Yield: 78%. 1H NMR (400 MHz, CDCl3): 7.44 – 7.37 (m, 2 H), 7.27 (d, J = 7.1 Hz, 2 H), 

7.06 – 6.93 (m, 2 H), 6.75 (dd, J = 8.8, 1.0 Hz, 2 H), 6.19 (dd, J = 8.8, 1.2 Hz, 2 H), 2.47 (s, 3 H).

PhSe: Yield: 70%. 1H NMR (400 MHz, CDCl3) δ 7.35 (d, J = 8.4 Hz, 2 H), 7.28 – 7.21 (m, 4 H), 

6.97 – 6.92 (m, 2 H), 6.85 (td, J = 7.6, 1.2 Hz, 2 H), 6.51 (dd, J = 8.4, 1.2 Hz, 2 H), 2.44 (s, 3 H). 

General Procedure for Synthesis of PhODBr, PhSDBr and PhSeDBr. A solution of PhO, PhS 

and PhSe (1.0 equiv) in CH3Cl : CH3CN = 1 : 1 (V : V) was added dropwise into the solution of 

NBS (2.2 equiv) and stirred 30 min at 0 oC, then the mixture was stirred overnight at room 

temperature. After the reaction was completed, the reaction was quenched with sodium thiosulfate 

solution and extracted with dichloromethane. The organic layer dried with anhydrous Na2SO4, 

evaporated to dryness. The residue was subjected to flash column chromatography on silica gel 

(300–400 mesh) using petroleum ether as eluent to give PhODBr, PhSDBr and PhSeDBr.

PhODBr: Yield: 84%. 1H NMR (400 MHz, CDCl3): 7.38 (d, J = 8.1 Hz, 2 H), 7.15 (d, J = 8.2 Hz, 

2H), 6.79 (d, J = 2.2 Hz, 2 H), 6.68 (dd, J = 8.5, 2.2 Hz, 2 H), 5.76 (d, J = 8.5 Hz, 2 H), 2.44 (s, 

3H).



PhSDBr: Yield: 76%. 1H NMR (400 MHz, CDCl3): 7.47–7.33 (m, 2 H), 7.20 (d, J = 7.9 Hz, 2 H), 

7.06 (d, J = 10.8 Hz, 2 H), 6.93–6.84 (m, 2 H), 2.46 (s, 3 H). 

PhSeDBr: Yield: 69%. 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 8.4 Hz, 2 H), 7.23 – 7.20 (m, 2 

H), 6.95 – 6.90 (m, 2 H), 6.82 (td, J = 7.6, 1.2 Hz, 2 H), 6.53 (dd, J = 8.4, 1.2 Hz, 2 H), 2.45 (s, 3 

H).  

General Procedure for Synthesis of PhODI, PhSDI and PhSeDI. Under nitrogen atmosphere, 

A solution of PhODBr, PhSDBr and PhSeDBr (1.0 equiv) in dry THF was cooled to ‒ 78 oC. Then, 

n-BuLi (2.1 equiv) was added dropwise and stirred 90 min at this temperature. After that, I2 (2.1 

equiv) was added. The reactive mixture was warmed to room temperature and stirred for 3 h. The 

reaction was quenched with 5% sodium thiosulfate solution. The reaction mixture was extracted 

with dichloromethane and dried with anhydrous Na2SO4. The residue was subjected to flash 

column chromatography on silica gel (300–400 mesh) using petroleum ether as eluent to give the 

mimixture with PhODI, PhSDI, PhSeDI and their side products of debromination. Due to the 

inability to purify, proceed directly to the next reaction step.                 

General Procedure for Synthesis of PhODCB, PhSDCB and PhSeDCB. iPrMgCl (2.0 m in 

THF, 2.2 equiv) was slowly added to a THF solution of o-carborane (2.1 equiv) at 0 oC, and the 

mixture was stirred at 0 oC for 2 h. After replacement of THF with toluene, and addition of aryl 

iodide (1.0 equiv) and NiCl2 (0.04 equiv), the reaction mixture was heated at 100 oC under stirring 

for 12 h in a closed flask. Then, the reaction was quenched with water and extracted with diethyl 

ether. The ether solutions were combined and concentrated to dryness in vacuo. The residue was 

subjected to flash column chromatography on silica gel (300–400 mesh) using petroleum ether / 

ethyl acetate (20:1, v /v) as eluent to give PhODCB, PhSDCB and PhSeDCB.



PhODCB: Yield: 73%. 1H NMR (400 MHz, CDCl3): 7.44 (d, J = 8.3 Hz, 4 H), 7.30 (t, J = 8.0 Hz, 

4 H), 7.21 (t, J = 7.6 Hz, 4 H), 6.95 (d, J = 8.1 Hz, 2 H), 6.66 (s, 2 H), 6.59 (dd, J = 8.6, 1.9 Hz, 2 

H), 5.56 (d, J = 8.6 Hz, 2 H), 3.72 – 1.71 (m, 20 H), 2.39 (s, 3 H). 13C NMR (151 MHz, CDCl3): 

142.73, 139.34, 135.08, 134.14, 131.85, 130.78, 130.71, 130.23, 129.50, 128.42, 126.38, 124.28, 

117.59, 112.57, 85.51, 85.02, 21.23. ESI-MS (m/z): theoretical [M-e]+ 713.52003, found: 

713.52353. 

PhSDCB: Yield: 69%. 1H NMR (400 MHz, CDCl3):7.42 (d, J = 7.9 Hz, 4 H), 7.31 (d, J = 8.1 Hz, 

4 H), 7.20 (t, J = 7.6 Hz, 4 H), 6.99 (d, J = 8.1 Hz, 2 H), 6.87 (s, 2H), 6.77 (dd, J = 8.9, 2.1 Hz, 2 

H), 5.72 (d, J = 8.8 Hz, 2 H), 3.72 – 1.81 (m, 20 H), 2.41 (s, 3 H). 13C NMR (151 MHz, CDCl3): 

144.57, 139.20, 136.43, 131.75, 130.70, 130.66, 130.27, 130.04, 129.51, 128.44, 128.25, 125.33, 



118.46, 114.82, 85.40, 84.56, 21.22. ESI-MS (m/z): theoretical [M+K]+ 768.44089, found: 

768.44214.

PhSeDCB: Yield: 65%. 1H NMR (400 MHz, CDCl3): 7.42 (d, J = 7.8 Hz, 4 H), 7.30 (t, J = 7.3 Hz, 

4 H ), 7.19 (t, J = 7.5 Hz, 4H), 7.07 (s, 2 H), 7.01 (d, J = 7.9 Hz, 2 H), 6.84 (d, J = 8.8 Hz, 2 H), 

5.90 (d, J = 8.8 Hz, 2 H), 3.72 – 1.65 (m, 20 H), 2.41 (s, 3 H). 13C NMR (151 MHz, CDCl3): 

145.04, 139.04, 137.48, 131.57, 130.95, 130.71, 130.69, 130.28, 129.77, 128.45, 125.77, 116.09, 

113.96, 85.44, 84.55, 21.23. ESI-MS (m/z): theoretical [M+Li]+ 784.45764, found: 784.45881.



2 Results and Discussion
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Figure S1. TGA curves of PhODCB, PhSDCB and PhSeDCB.

Figure S2. UV-vis absorption spectra of (a) PhO, PhCB, PhODCB; (b) PhS, PhCB, PhSDCB and 



(c) PhSe, PhCB, PhSeDCB in toluene solutions.
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Figure S3. Molecular orbital patterns (isocontour value = 0.025) for (a) PhODCB, (b) PhSDCB 
and (c) PhSeDCB based on their optimized S0 geometries.



Figure S4. PL spectra of PhODCB, PhSDCB, and PhSeDCB in dichloromethane solution at 298 
K.
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Figure S5. PL spectra of PhODCB, PhSDCB, and PhSeDCB doped in CBP, mCBP and TCTA at 298 K.
Table S1. PL Data of PhODCB, PhSDCB and PhSeDCB in different host.

Host Emission 
λem (nm)

PLQYa

CBP 640 46.4%

mCBP 644 30.4%PhODCB

TCTA 644 18.4%

CBP 650 34.3%

mCBP 654 30.4%PhSDCB

TCTA 654 9.2%

CBP 646 23.6%

mCBP 653 48.3%PhSeDCB

TCTA 653 9.5%
                     aAbsolute photoluminescent quantum yields (PLQY).
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Figure S6. PL spectra at both 298 K and 77 K of PhODCB, PhSDCB and PhSeDCB in the mCBP films.

Figure S7. The transient PL decay data under nitrogen for these three emitters measured in non-
doped films.

Figure S8. Spin−orbit coupling matrix elements (SOCMEs) for PhODCB, PhSDCB and 
PhSeDCB with energetic levels of S1 excited states. SOC elements are calculated from

.∑〈𝑆𝑛|Ĥ𝑆𝑂|2𝑇𝑛,𝑀𝑠= 0, ± 1〉

Table S2. Summary of the exciton energy level and dynamic rate constants of the investigated 
compounds in 5 wt.% mCBP doped films

Compound S1

(eV)
T1

(eV)
∆EST

(eV)
ФP a

(%)
ФPF 

b

ФDF c

(%)
τPF d

(ns)
τDF e

(µs)
τP 

f

(µs)
kPF

(106 s-1)
kDF

(104 s-1)
kISC

(107 s-1)
kRISC

(105 s-1)



(%)

PhODCB 2.73 2.36 0.37 30.4 -- 9.5 -- -- -- -- -- --

PhSDCB 2.69 2.58 0.11 4.0 26.4 12.3 17.5 -- 3.3 1.5 0.3 1.1

PhSeDCB 2.57 2.43 0.14 48.3 -- -- 9.2 -- 14.7 -- -- 10.9 --
a Phosphorescence Quantum Yield, bThe prompt fluorescence quantum yields, c delayed fluorescence quantum yields, 
dThe prompt fluorescence lifetime, edelayed fluorescence lifetime, fThe phosphorescence lifetime. The experimental data 
of S1 was determined from onsets of the absorption spectrum (298 K). The experimental data of T1 was determined from 
onsets of the phosphorescence (77 K) spectra. The rate constants of PF and DF (kPF and kDF) evalvuated according to 
experimental data: kPF = ФPF / τPF and kDF = ФDF / τDF for PhSDCB. ФDF is the absolute quantum yield measured under μs-
level pulsed light at 100 Hz. The rate constants of intersystem crossing and reverse (kISC and kRISC) are further estimated 
according to kISC = ФDF kPF / (ФPF + ФDF) and kRISC = kDF kPF ФDF / (kISC ФPF) for PhSDCB. Because of the dominated 
phosphorescence emission with neglect fluorescence and high phosphorescence quantum yields, we assume that the 
radiative and non-radiative transition of singlet can be ignored, thus the prompt lifetime (τPF) for PhSeDCB is 9.2 ns 
(Figur S7), thus, the kISC in the film state is calculated as kISC = 1 / τPF.
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Figure S9. Transient PL decay spectra of PhSeDCB in 5 wt.% mCBP doped films.
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Figure S10. The nanosecond transient absorption spectra were measured in neat films under 380 
nm excitation of PhSDCB and PhSeDCB. 
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Figure S11. Cyclic curves of PhODCB, PhSDCB and PhSeDCB measured in CH3CN at room 
temperature.



Table S3. Redox Properties of PhODCB, PhSDCB and PhSeDCB

a Reversible. The value was set as E1/2. b Irreversible. The value was derived from the cathodic peak potential. c EHOMO = 
– (4.8 + Epa) eV. d ELUMO = – (4.8 + Epc) eV, Epc : First reduction potential. e CV energy gap Eg

cv = LUMO – HOMO.
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Figure S12. Relationship between EL efficiencies and luminance for the devices. (a) Device A1, 
(b) Device A2 and (c) Device A3.

Table S4. EL Performance of PhSeDCB based devices.

Device Dopant Vturn−on 
(V)

Luminance Lmax 

(cd m−2) a
EQE
(%)

CE
(cd A−1)

PE
(lm W−1)

λmax

(nm) d

A1 PhSeDCB (2.0 wt %) 2.5 4419.6 (15.0) 14.9 (3.5) a

11.1 b

5.3 c

15.0 (3.5)
11.2
5.3

17.9 (2.5)
5.4
1.8

676
(0.61, 0.34)

A2 PhSeDCB (3.0 wt %) 2.5 5962.7 (15.0) 18.6 (3.5) a

13.4 b

7.0 c

18.7 (3.5)
13.4
6.4

22.0 (2.5)
6.8
2.3

676
(0.61, 0.34)

A3 PhSeDCB(4.0wt %) 2.5 5155.2 (14.0) 13.9 (3.0) a

9.3 b

5.2 c

14.0 (3.0)
9.5
5.3

17.1 (2.5)
4.6
1.6

676
(0.61, 0.34)

a Maximal values of these devices. Values in the parentheses are the voltages at which they were obtained. b Values 
collected at 100 cd m−2. c Values collected at 1000 cd m−2. d Values are collected at 10 V for devices A1-A3 and CIE 
coordinates (x, y) are shown in parentheses.

Compound Epa (V) Epc (V) EHOMO (eV) c ELUMO (eV)d Eg
CV (eV)e

PhODCB 0.69a -1.24b -5.49 -3.56 1.93

PhSDCB 0.51a -1.30 b -5.31 -3.50 1.81

PhSeDCB 0.50a -1.25 b -5.30 -3.55 1.75



Table S5. PL and EL performances of the representative systems for RTP emitters.

3 Calculated SOCME between triplets and singlets data.

Table S6. Spin−orbit coupling matrix elements (SOCMEs) data for PhODCB, PhSDCB and 
PhSeDCB with energetic levels of T1 excited states.

Root  <T|HSO|S>  (Re, Im) cm-1

T S Z X Y
1 0 (0.00, -0.01) (0.00, -0.03) (-0.00, -0.31)

1 1 (0.00, -0.08) (0.00, 0.00) (-0.00, 0.00)

2 1 (0.00, 0.00) (0.00, 0.06) (-0.00, 0.09)

PhODCB

3 1 (0.00, 0.02) (0.00, -0.00) (-0.00, 0.00)
1 0 (0.00, 0.58) (0.00, -0.16) (-0.00, 0.92)
1 1 (0.00, -0.08) (0.00, 0.03) (-0.00, 0.13)
2 1 (0.00, 0.15) (0.00, -0.02) (-0.00, -0.00)

PhSDCB

3 1 (0.00, 0.24) (0.00, -0.01) (-0.00, -0.21)
1 0  (0.00, -4.06) (0.00, 0.21) (-0.00, -3.90)

1 1 (0.00, -0.30) (0.00, -0.06) (-0.00, -0.35)
2 1 (0.00, -0.44) (0.00, -0.31) (-0.00, -0.35)

PhSeDCB

3 1 (0.00, -0.27) (0.00, -0.14) (-0.00, 0.23)

EL
RTP 

emitters
λEL

(nm)
PLQY

(%)

τP

(ms) CE
(cdA−1)

PE
(lm 

W−1)

EQE
(%)

Ref.

PhSeDCB 676 48.3 0.01 18.7 22.0 18.6 This work
PhSeDB 532 77.8 0.63 53.6 49.6 18.2 [6]
PhSeB 512 67.0 0.65 29.5 24.1 10.5 [6]
PhSe 497 28.8 0.84 24.1 17.3 7.5 [7]

mPhSe 498 33.9 0.44 27.5 21.6 8.7 [7]
BuPhSe 496 34.0 0.44 28.4 22.3 9.0 [7]

PSe1 535 33.0 0.61 − − 10.7 [8]
PSe2 535 35.0 0.64 − − 10.0 [8]
PSe3 530 27.0 0.93 − − 8.1 [8]

PSe3Cz 540 50.2 0.82 45.9 − 13.2 [9]
BPXSeDRZ 564 66.3 2.10 53.7 48.2 17.2 [10]

DBPXSeDRZ 575 66.9 1.70 46.7 40.2 17.9 [10]
3,2-PIC-XT 504 65.0 0.0024 87.9 96.8 30.8 [11]

3,2-PIC-TXT 508 98.0 0.0014 90.2 96.6 33.2 [12]



Table S7. Spin−orbit coupling matrix elements (SOCMEs) data for PhODCB, PhSDCB and 
PhSeDCB with energetic levels of S1 excited states.

Root  <T|HSO|S>  (Re, Im) cm-1

T S Z X Y
1 0 (0.00, -0.52) (0.00, -0.16) (-0.00, -0.64)

1 1 (0.00, -0.17) (0.00, -0.05) (-0.00, -0.19)

2 1 (0.00, 0.09) (0.00, 0.06) (-0.00, 0.06)

PhODCB

3 1 (0.00, -0.24) (0.00, 0.08) (-0.00, -0.27)
1 0 (0.00, -0.21) (0.00, 0.25) (-0.00, -0.81)
1 1 (0.00, -0.09) (0.00, 0.03) (-0.00, 0.15)
2 1 (0.00, 0.17) (0.00, -0.02) (-0.00, -0.06)

PhSDCB

3 1 (0.00, 0.22) (0.00, 0.02) (-0.00, -0.21)
1 0 (0.00, 2.83) (0.00, -0.53) (-0.00, 3.31)

1 1 (0.00, -0.29) (0.00, -0.06) (-0.00, -0.36)
2 1 (0.00, -0.40) (0.00, -0.23) (-0.00, -0.15)

PhSeDCB

3 1 (0.00, -0.15) (0.00, -0.11) (-0.00, 0.23)
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